We have studied the evolutions of surface electronic structure ͑Fermi surfaces and valence bands͒ by electron filling into a two-dimensional free-electronlike surface state, during adsorptions of monovalent metal atoms ͑noble metal; Ag, and alkali metal; Na͒ on the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface. The Fermi surfaces ͑Fermi rings͒ of a small electron pocket grow continuously with the adsorption. Eventually, when the ͱ 21ϫ ͱ 21 superstructure was formed by 0.1-0.2 monolayer adsorption of Ag or Na, the Fermi ring is found to be larger than the ͱ 21ϫ ͱ 21-surface Brillouin zone ͑SBZ͒, and to be folded by obeying the ͱ 21ϫ ͱ 21 periodicity. As a result, the Fermi surface is composed of a large hole pocket at the ⌫ point and small electron pockets at the K point in each reduced ͱ 21ϫ ͱ 21 SBZ, meaning that the behavior of surface-state carriers becomes hole-like.
I. INTRODUCTION
Surface superstructures formed by adsorptions of alkali metals or noble metals on semiconductor crystals have been intensively studied as prototype systems of metal/ semiconductor interfaces for a long time, because of simple electronic structures of the adsorbates. [1] [2] [3] [4] But they have turned out to be very complicated in the electronic and atomic structures and contain rich physics. The Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface superstructure, which is formed by one monolayer ͑ML͒ Ag adsorption on a Si͑111͒ surface, is one of the most popular, for which almost all kinds of surface-science techniques have been applied and its atomic and electronic structures are now well understood. [5] [6] [7] [8] It has an isotropic two-dimensional free-electronlike surface state. Adsorption of monovalent atoms on this surface, furthermore, has attracted considerable interests because adsorption of tiny amounts of monovalent atoms on this surface is reported to produce electron filling into the surface state, resulting in a high surface electrical conductivity. 1, 9 When the coverage of the monovalent adatoms reaches certain values ͑0.1-0.2 ML͒ on the ͱ 3 ϫ ͱ 3-Ag surface, ͱ 21ϫ ͱ 21͑±R10.89°͒ phases are known to appear, which are regarded as a model of binary surface alloys on semiconductors. 1, [10] [11] [12] [13] [14] Since the ͱ 21ϫ ͱ 21 phases induced by noble-metal adsorptions show high electrical conductivities, they are nowadays an important playground to investigate surface-state electrical conduction, i.e., electronic transport through the topmost atomic layer on a crystal. 1, 15, 16 Since the conductivity is directly related to the surface electronic structure, several researches of angle-resolved photoemission spectroscopy ͑ARPES͒ have been performed. 1, [10] [11] [12] [13] The Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Au͒ and Si͑111͒ ͱ 21ϫ ͱ 21-Ag surface superstructures, which are induced by depositing about 0.2 ML Au or Ag on the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface, respectively, are found to possess surface-state bands dispersing across the Fermi level ͑E F ͒. Such metallic bands are believed to bring about the high surface conductivity. Based on scanning tunneling microscopy ͑STM͒ images, several structure models with different adatom coverages are proposed so far for these noble-metal induced ͱ 21ϫ ͱ 21 surfaces. A recent x-ray diffraction study have shown that, among them, the structure models with adatom coverage of 0.24 ML ͑five adatoms in the ͱ 21ϫ ͱ 21 unit cell͒ are favored. 14 In contrast to the varieties of researches on the noblemetal adsorption, there exists a limited number of reports for the alkali-metal induced ͱ 21ϫ ͱ 21 superstructures; only a high surface conductivity and STM images are reported. 1, 17 Thus, the further researches on the alkali-metal induced ones, especially on the electronic structure, are highly requested for binary chemistry as well as for the future surface transport studies with sophisticated microfour-point probes and four-tip STM probes. [18] [19] [20] In the present research, we have performed comprehensive studies on both of the noble-and alkali-metal adsorptions on the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag in order to acquire a general picture on electronic properties of the monovalent-atominduced ͱ 21ϫ ͱ 21 phases. We have chosen Ag and Na atoms because they have the simplest electronic states among noble and alkali metals, respectively, and they do not diffuse into bulk Si substrate. 4, 21 To make detailed comparisons, important parameters of alkali-and noble-metal atoms are summarized in Table I . 22 As is well known, sharp distinctions are identified between the two groups of monovalent atoms con-cerning electronegativity and the first ionization energy. On the other hand, a similarity may be found for atomic sizes between Na and Ag ͑Au͒ atoms. The ionic radius of Na is almost the same as that of Ag ͑Au͒, and the atomic radius is much closer to that of Ag ͑Au͒ than those of other alkali metals. Therefore, a comparison between the Ag and Na depositions is effective for studying chemical and physical trends in the adsorption on the ͱ 3 ϫ ͱ 3-Ag surface.
Through detailed electron diffraction observations, we have discovered a ͱ 21ϫ ͱ 21-͑Ag, Na͒ superstructure around 0.1-0.2 ML Na adsorption at 65-130 K. We have, then, performed ARPES measurements on the ͱ 21ϫ ͱ 21-͑Ag, Na͒ as well as the ͱ 21ϫ ͱ 21-Ag surface. Both surfaces are found to be metallic and have very similar band structures. The Fermi surfaces ͑rings͒, the surface band dispersions, the substrate band bending, and the surface conductivity are determined. The present research reports a quantitative agreement between results of photoemission spectroscopy and surface transport measurements. The surface structure is discussed by comparing results of the Ag and Na adsorptions.
II. EXPERIMENTS
The ARPES experiments were done with unpolarized He I␣ radiation ͑h = 21.2 eV͒ at the laboratory and with linearly polarized synchrotron radiation ͑SR͒ at Beamline BL-18A ͑Institute for Solid State Physics, University of Tokyo, Kashiwa, Japan͒ of KEK-Photon Factory, Japan. 7 The measurements were performed at 100-130 K with commercial angle-resolved photoelectron spectrometers of Scienta SES-100 ͑laboratory͒ and VG ADES 500 ͑Beamline͒. A slight energy shift due to the surface photovoltage effect has been calibrated by photoemission signals from bulk Si bands, bulk Si 2p core levels, and Fermi edge of the metallic surface superstructures. For experiments with the He I␣ radiation, an angle between the directions of incident photons and detecting photoelectrons was fixed to be 50°. The Fermi energy was determined by fitting the Fermi edge measured on a Ta holder attached to the sample. STM images presented in this paper were obtained at 65 K with a commercial ultrahigh-vacuum low-temperature STM ͑Unisoku USM-501͒. The base pressure during all the experiments was better than 1 ϫ 10 −10 mbar. Temperature was monitored by thermocouples attached close to the sample on the sample holder.
First, a clean Si͑111͒7 ϫ 7 surface was prepared on an n-type ͑2 ϳ 15 ⍀ cm͒ or a p-type ͑1 ϳ 10 ⍀ cm͒ Si͑111͒ wafer by a cycle of in situ resistive heat treatments. The Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface superstructure was made by monolayer Ag deposition at substrate temperature of ϳ520°C. This preparation procedure ensured that the ͱ 3 ϫ ͱ 3-Ag superstructure was formed up to the step edges and entirely covered the surface, as confirmed by STM observation. 23 Although a postannealing at a temperature higher than 600°C was proposed to remove the "residual Ag adatom gas" remaining on the ͱ 3 ϫ ͱ 3-Ag surface, 24 we did not employ the high-temperature annealing, because such a high temperature annealing was found to destroy the ͱ 3 ϫ ͱ 3-Ag structure close to step edges. 23 The deposition of Ag was done using a graphite effusion cell or an alumina basket. A monolayer, 1 ML, corresponds to 7.83ϫ 10 14 atoms/ cm 2 , the number density of Si atoms in the topmost layer of the ͑111͒ face. The coverage and evaporation rate of Ag were determined by the completion of the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag structure during in situ observations of electron diffraction. The quality and cleanliness of the ͱ 3 ϫ ͱ 3-Ag surface was ascertained by sharp ͱ 3 ϫ ͱ 3-electron diffraction ͑low-energy electron diffraction or reflection high-energy electron diffraction͒ patterns, and strong surface-state signals in the valence-band photoemission spectra. 7, [11] [12] [13] 25, 26 Sodium atoms were evaporated by using commercial SAES-getter sources which were thoroughly outgassed to minimize any impurity effect. The sodium coverage was calibrated through comparisons of the normalized Na 2s photoemission intensity, the intensity ratio between two core-level emission lines Na 2s /Si 2p, work function, and diffraction pattern with those of the ␦-7 ϫ 7 phase prepared by ϳ1 ML Na deposition on the clean 7 ϫ 7 surface at room temperature. 21, [27] [28] [29] 
III. RESULTS AND DISCUSSION
It has been reported that ϳ0.2 ML Ag deposition on the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface at temperatures below 200 K results in the formation of a ͱ 21ϫ ͱ 21 ordered phase. 1, 11, 12 Figure 1͑a͒ shows a low-energy electron diffraction pattern of the ͱ 21ϫ ͱ 21͑±R10.89°͒ taken after ϳ0.15 ML Ag deposition on the ͱ 3 ϫ ͱ 3-Ag surface at ϳ130 K. We found that the same ͱ 21ϫ ͱ 21͑±R10.89°͒ diffraction pattern was also obtained by ϳ0.15 ML Na deposition on the ͱ 3 ϫ ͱ 3-Ag at ϳ130 K, Fig. 1͑b͒ . Morphological details of the phase formation observed by STM will be described elsewhere. 29 A series of normal emission ARPES spectra from the Si͑111͒7 ϫ 7, Si͑111͒ ͱ 3 ϫ ͱ 3-Ag, Si͑111͒ ͱ 21ϫ ͱ 21-Ag and Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒ phases are given in Fig. 1͑c͒ . Through the ͱ 3 ϫ ͱ 3-Ag phase formation from the 7 ϫ 7, the surface-state signals of the 7 ϫ 7 denoted by SS 1 ͑adatom Figure 2 shows the evolution of Fermi surface ͑Fermi rings͒ by Ag ͑Na͒ adsorptions on the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface at ϳ120 K. The measurements were performed with He I␣ radiation and the data acquisition was made by recording the photoelectron intensity at E F while scanning emission angles to produce the Fermi surface maps. In the figure, the large photoemission intensity is colored black. The energy contour at E F of the pristine ͱ 3 ϫ ͱ 3-Ag phase, Fig. 2͑a͒ , is
shown as a circle centered at the ⌫ ͱ 3 point with a radius k F ϳ 0.1 Å −1 , indicating isotropic metallic nature of the surface state. Despite the ͱ 3 ϫ ͱ 3 periodicity, the Fermi ring is observed in the second, but not in the first surface Brillouin zones ͑SBZ͒. 10 This phenomenon was successfully reproduced by a calculation of the optical transition matrix based on a simple tight-binding approximation for the surface topmost-layer Ag atoms; the intensity of the surface-state emission in the first SBZ is diminished by destructive interferences in the matrix elements ͑i.e., photoemission structure factor effect͒. The details of the isotropic band dispersion and the effect is described elsewhere. 30, 31 Especially, the band composing the Fermi surface is known to have a parabolic energy dispersion with an effective mass of m * = 0.13m e , meaning a two-dimensional free electronlike state. 30 After 0.07 ML Ag deposition on the ͱ 3 ϫ ͱ 3-Ag surface, the Fermi ring is enlarged to k F ϳ 0.2 Å −1 as shown in Fig.  2͑b͒ , implying electron transfer from the Ag adsorbates to the surface state. 9 Further deposition up to 0.15 ML results in a formation of the ͱ 21ϫ ͱ 21 phase and the corresponding Fermi rings are shown in Fig. 2͑c͒ . We can find a dark circle ͑the radius being ϳ0.26 Å͒ which is larger than that in Fig.  2͑b͒ , and additionally we can observe parts of the Fermi circles superimposed with each other in the whole observed k space.
In Fig. 3͑a͒ , the Fermi ring of the ͱ 21ϫ ͱ 21 surface is drawn on an extended ͱ 21ϫ ͱ 21-surface Brillouin zone ͑SBZ͒. Since the Fermi ring is larger than the first SBZ, the first SBZ is fully filled with electrons. The Fermi ring covers up to the third SBZs and the segments of the Fermi ring in the second and third SBZs are depicted in Figs. 3͑b͒ and 3͑c͒, respectively. The Fermi ring of the second SBZ consists of a hole pocket centered at the ⌫ ͱ 21ϫ ͱ 21 point, while that of the third SBZ is composed of electron pockets at the K ͱ 21ϫ ͱ 21 points. On the Si͑111͒ ͱ 21ϫ ͱ 21-Ag surface, there are two domains of the ͱ 21ϫ ͱ 21 periodicity which are rotated by 21.78°to each other ͑Fig. 1͒. Therefore, the photoemission result in Fig. 2͑c͒ is an overlap of the Fermi rings coming from these two domains as shown in Figs. 3͑d͒ and 3͑e͒. By taking these facts into account, these Fermi rings are tiled on the experimentally mapped ones as shown in Fig. 2͑d͒ . As obviously shown in the figure, the experimental result is well reproduced by the Fermi rings superimposed by obeying the ͱ 21ϫ ͱ 21 periodicity. This means that this surface state comes from the ͱ 21ϫ ͱ 21 superstructure. The photoemission intensity of the rings is modulated due to the photoemission matrix element effects.
Since, as mentioned above, the Fermi rings in Fig. 2͑c͒ are a result of the band folding of a large Fermi ring in the ͱ 21ϫ ͱ 21 SBZs, the Fermi ring is not a simple isotropic free-electronlike state anymore, rather composed of electron and hole pockets. The spectral weight of photoelectrons is peaked at envelopes of the electron and hole pockets, resulting in the circle. 32 Therefore, the radius of the large circle corresponds to the Fermi wave vector of the original freeelectron band. The electron density n 2D can be related to k F by k F = ͱ 2n 2D . ous Na coverage ͑0-1 ML͒, we have found formations of only small patches of the ͱ 21ϫ ͱ 21-͑Ag, Na͒ domains at the coverage around 0.2 ML. 29 In the STM images taken at the tip bias smaller ͑larger͒ than ϳ1 V, the ͱ 21ϫ ͱ 21-͑Ag, Na͒ domains are separated by " ͱ 3 ϫ ͱ 3" domains ͑nanometer-scale protrusions͒. The protrusions are likely Na clusters formed on the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface. Details of the STM observation are reported elsewhere. 29 On the contrary, the Si͑111͒ ͱ 21ϫ ͱ 21-Ag surface is fully covered by large ͱ 21ϫ ͱ 21 domains of the ͱ 21ϫ ͱ 21-Ag phase as reported in the previous research. 12 Therefore, we attribute the differences in the Fermi rings between Figs. 2͑c͒ and 2͑e͒ to their surface morphologies. Namely, while the E F contour measured by photoemission spectroscopy of Si͑111͒ ͱ 21ϫ ͱ 21-Ag are originated only from ͱ 21ϫ ͱ 21 domains, those of ͱ 21ϫ ͱ 21-͑Ag, Na͒ are from both ͱ 21ϫ ͱ 21 and Na-cluster-covered " ͱ 3 ϫ ͱ 3" domains. The following discussion is given below. Figure 5 shows three series of ARPES spectra and dispersion curves observed along three lines indicated in k space in previous report. 11 In the energy-versus-wave-vector diagrams along the lines C-D and E-F, the logarithmic intensities of the spectral features are represented by the darkness in the gray scale. As shown in Fig. 2, a diagram Figure 7 shows the summaries of ARPES spectra presented by band-dispersion curves along the ͓110͔ direction for ͑a͒ Si͑111͒ ͱ 3 ϫ ͱ 3-Ag, ͑b͒ Si͑111͒ ͱ 21ϫ ͱ 21-Ag, ͑c͒ Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒, and along the ͓112͔ direction for ͑d͒ Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒. The bulk valence band maximum ͑VBM͒ of the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface is at ϳ0.16 eV below E F , and the bulk band projection region into the 1 ϫ 1 SBZ is depicted by the shadow in Fig.  7͑a͒ . 1, 12, [34] [35] [36] From a comparison between the ARPES results of Si͑111͒7 ϫ 7 ͑not shown͒, the dispersing bands at E B =2-5 eV in the shaded region are likely assigned to the Si bulk bands. For example, a band labeled by b is associated with a direct transition from the uppermost Si͑111͒ bulk band of ⌳ 3 symmetry. 37 Fig. 2͑a͒ is originated from the S 1 ͱ 3 band. 30, 31 Through the Si͑111͒ ͱ 21 ϫ ͱ 21-Ag or Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒ formation, the Si bulk bands ͑ b, for example͒ as well as the surface resonances have shifted by ϳ0.4 eV to higher binding energy ͓Fig. 7͑b͔͒, indicating that the bulk bands bend downward so that the valence band goes away from E F . Comparing with the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface, the valence band maxima for these two ͱ 21ϫ ͱ 21 surfaces are estimated to be located at E B ϳ 0.56 eV, meaning that the E F is located at the middle of the band gap so that their surface space-charge layers are depletion layers. The bulk band projection regions have shifted downward as depicted by the shaded region in Figs. 7͑b͒-7͑d͒. Similar changes in band bending to higher binding energy have also been reported for the Cu-or Au-induced ͱ 21ϫ ͱ 21 phases. 15, 40 At least, six states, S 1 -S 6 , are found in the bulk band gap for Si͑111͒ ͱ 21ϫ ͱ 21-Ag, being consistent to the previous reports 11, 12 and seven states, S 1 Ј͑S 1 Љ͒ϳS 7 Ј, for Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒ as shown in Fig. 7 . One can confirm a close similarity for the overall band structures between the Na-and Ag-induced ͱ 21ϫ ͱ 21 phases. Around the zone boundary of ͱ 21ϫ ͱ 21 SBZ ͓k ϳ 1. Since the adsorbed Ag or a Na atoms provide electrons to the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface, their similarity of ionic radius, described in Table I , seems to imply that adsorption sites of monovalent atoms on the surface are mainly governed by the adatom size rather than their electronegativity or the first ionic energy. Furthermore, the similar gap size in the band splitting at the ͱ 21ϫ ͱ 21 zone boundaries indicates that the amplitude of the ͱ 21ϫ ͱ 21-periodic potential which is responsible for the Bragg reflection is almost the same between the Ag-and Na-induced ͱ 21ϫ ͱ 21 phases. 33 According to 41, 42 The researches have reported that the surface band structures near Fermi level are similar to the present results, but the gaps at zone boundaries are larger ͑ϳ0.3 eV͒. As shown in Table I , K and Cs atoms have larger atomic or ionic radii than Na, which supports our model.
B. Valence band dispersion
The band structures of the Ag-and Au-induced ͱ 21ϫ ͱ 21 phases have also shown a close resemblance to each other, and they have been interpreted as modified states of the pristine ͱ 3 ϫ ͱ 3-Ag substrate; the original states are energetically pulled down by electron transfer from the adatoms. [11] [12] [13] Since a Na atom is also a monovalent atom as Ag and Au, and since Na has much lower electronegativity than that of Ag or Si, the observed band structure is reasonably ascribed to the same picture. 43 The directions with changes of emission angles ͑ e 's͒. The spectra shown in ͑a͒ are taken with He I␣ radiation while those in ͑b͒ and ͑c͒ are taken with synchrotron radiation ͑SR͒ at h = 21.2 eV. A plane of surface normal and incident photon direction is ͑a͒, ͑b͒ parallel and ͑c͒ perpendicular to the one of surface normal and photoelectron detecting direction. S 1 ͱ 3 state of the original ͱ 3 ϫ ͱ 3-Ag surface that has been pulled down to E B ϳ 0.9 eV. The S 2 ͑S 2 Ј, S 2 Љ͒ and S 3 ͑S 3 Ј, S 3 Љ͒ surface-state bands have also pulled down compared to the bands of the original ͱ 3 ϫ ͱ 3-Ag surface while the S 5 ͑S 5 Ј, S 6 Ј͒ bands appear at the similar E B 's to the pristine ͱ 3 ϫ ͱ 3 bands. 7, 11, 12, 25, 26 Although there has been no report on the band assginment for the Si͑111͒ ͱ 21ϫ ͱ 21-Ag and Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒ surfaces, these facts seem to indicate that the surface states of the ͱ 3 ϫ ͱ 3-Ag surface split into two groups, downward-shifted ones and nonshifted ones, as described in the previous research. 11 According to the recent structure models of the ͱ 21ϫ ͱ 21 structure, the ͱ 3 ϫ ͱ 3 sites in the ͱ 21ϫ ͱ 21 unit cell are partially occupied, 14, 29, 44 implying that there coexists the perturbed and the unperturbed ͱ 3 ϫ ͱ 3 sites. Sites in the superstructure unit cell with and without an adatom may result in the formation of two band groups that have E B 's similar to and different from the original bands. A proper theoretical calculation on the surface structures and surface state bands are highly required to clarify this issue.
Concerning the downward-dispersing S 7 Ј state ͑which corresponds to the S 4 ͱ 3 in the ͱ 3 ϫ ͱ 3-Ag͒, the energy position at ⌫ ͱ 21ϫ ͱ 21 point with k ϳ 1.1 Å −1 in Fig. 7͑c͒ ͑which is equivalent to ⌫ ͱ 3 point in Fig. 2͒ corresponds to the uppermost Si͑111͒ bulk valence band of ⌳ 3 symmetry at ⌫ point with k = 0, and the dispersion is similar to the bulk band. 37 Thus, the S 7 Ј band dispersion could arise from the surface ͱ 3 ϫ ͱ 3 umklapp scattering of the bulk direct transition. The S 5 ͱ 3 state, which corresponds to the S 8 , and S 8 Ј states in the ͱ 21 phases, may be ascribed to Si back-bond states through comparison among the previous ARPES studies on metal-on-Si surface superstructures. 2 The bands at E B ϳ 4.5 eV observed within bulk band gap may be Ag 4d-related states as previously proposed. 25 As a consequence, the overall band structures are similar among ͱ 3 ϫ ͱ 3-Ag, ͱ 21ϫ ͱ 21-Ag, and ͱ 21ϫ ͱ 21-͑Ag, Na͒ superstructures and the difference near E F is also explained by electron transfer into the ͱ 3 ϫ ͱ 3 bands.
C. Ag 4d level
As shown in Fig. 1 , two peaks are found at ϳ5.6 and ϳ6.4 eV for the ͱ 3 ϫ ͱ 3 phase while two prominent ones at ϳ5.7 and ϳ6.8 eV for the two ͱ 21ϫ ͱ 21 phases. By ARPES measurements of the Ag 4d levels, we found that these 4d states have little band dispersion. From Fig. 1 , one can notice that these two Ag 4d peaks for the ͱ 21ϫ ͱ 21 phase have broader widths and larger energy differences between them than those for the ͱ 3 ϫ ͱ 3 phase. Furthermore, the intensity ratio between the two peaks are also found to vary through be inferred as ͑1͒ significant changes of chemical ͑physical͒ environments of Ag atoms in the ͱ 3 ϫ ͱ 3-Ag substrate or ͑2͒ additional Ag 4d signals from the Ag adsorbates. However, the similar spectral Ag 4d features between Si͑111͒ ͱ 21ϫ ͱ 21-Ag and Si͑111͒ ͱ 21ϫ ͱ 21-͑Ag, Na͒ as shown in Fig. 1 denies the second possibility.
Concerning electronic bands originated from localized states as d orbitals, the modification may be described in terms of variations of Ag-Ag atom distance, which is an important parameter for transfer integrals in the tight-binding approximation. 45 The adsorption seems to induce new chemical bonds between the Ag or Na adatom and Ag atoms composing the ͱ 3 ϫ ͱ 3 framework, resulting in a change of Ag-Ag distance in the Ag trimer. Furthermore, the local variation likely unbalance the ͱ 3 ϫ ͱ 3-Ag atomic configuration, as reported in STM, 48 and, finally, induce significant variations of the Agu Ag distance or rearrangement of the whole Ag atoms in the ͱ 3 ϫ ͱ 3 substrate. Therefore, the overall spectral feature of Ag 4d peaks changes significantly as shown in Fig. 1 . The Ag rearrangement was also suggested by x-ray diffraction study. 14 According to the previous researches on the noble-metal induced ͱ 21ϫ ͱ 21 structures, 13, 14 the adatoms are proposed to sit on Ag or Si trimers of the honeycomb chained triangle ͑HCT͒ or inequivalent triangle ͑IET͒ models. 46, 47 The adsorption on the Ag trimer is likely much efficient to induce such Ag arrangement than on the Si trimer. It is also reasonable in terms of the electron transfer described above since a metallic surface state S 1 ͱ 3 of the ͱ 3 ϫ ͱ 3 substrate has large density of states at the Ag trimer. 47 The adsoption site is consistent to a study of the first-principles calculation which has reported that adsorption on the Ag trimer is much stable than on the Si trimer.
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D. Surface-state conductivity
One of the intriguing phenomena of the ͱ 3 ϫ ͱ 3-to-ͱ 21 ϫ ͱ 21 transition is its electrical conduction change. 1, 16 It has been found that conductivity of the ͱ 21ϫ ͱ 21 phase is larger than that of the ͱ 3 ϫ ͱ 3 phase. 16, 36, 49 The previously measured conductivities were originated from three electrical channels of surface-state bands on the topmost atomic layers, bulk-state bands in a surface space-charge layer beneath the surface, and bulk-state bands in the inner crystal. Since the measurements have been performed in situ in UHV with the same Si wafer, the transport change is only described in terms of channels except that of a bulk Si. From the band bending change discussed above, an accumulation ͑inver-sion͒ layer formed for the ͱ 3 ϫ ͱ 3 phase on a p-͑n-͒ type Si wafer becomes a depletion layer when the surface transforms to the ͱ 21ϫ ͱ 21 phase. Therefore, carriers in the space charge layer are depleted and the conductivity decreases through the ͱ 3 ϫ ͱ 3-to-ͱ 21ϫ ͱ 21 transition, which is opposite to the experimental fact. Judging from the above, the surface-state channel is responsible for the increase of electrical conductivity and the phenomena is qualitatively explained by increment of carriers in the surface superstructure as found by the present and previous photoemission spectroscopy researches. 1, 13, 16 We now discuss two-dimensional ͑2D͒ electrical conductivity ͱ 21 of the ͱ 21ϫ ͱ 21 phase quantitatively from the measured Fermi surface.
The relation between the 2D conductivity and Fermi surface is given by the Boltzmann equation as the integral containing the velocity tensor of v ki v kj ͑See Appendix͒. Because of the definition v ki = ͑1/ប͒͑‫ץ‬E / ‫ץ‬k i ͒, detailed band dispersion curves of the metallic bands at E F is required to calculate ͱ 21 . Although the photoemission signals are complicated due to superposition of the Fermi rings of electron and hole pockets as well as those of two domains with rotation of ±R10.89°as shown in Fig. 2 , a summation of all the portions of the Fermi rings of the second and third SBZs produces a single Fermi circle in an extended zone as shown in Fig. 3 . As described above, furthermore, the S 4 band dispersion near E F is fairly reproduced by extrapolation of parabolic fit of the S 1 band dispersion. This approximation is reasonable for the present system since the gap formation at the zone boundaries is so small that it hardly perturbs the energy dispersion at E F . Since the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface has also an isotropic 2D electronic system 30 as shown in 
where is the carrier relaxation time, v F ͑v F 2 ͒ of the ͱ 21ϫ ͱ 21 phase is 92% and 35͑83͒% larger than those of ͱ 3 ϫ ͱ 3, respectively. As a consequence, the conductivity has become 3.5 times larger through the ͱ 3 ϫ ͱ 3-to-ͱ 21ϫ ͱ 21 transition.
The previous researches have performed extensive conductivity measurements on the ͱ 3 ϫ ͱ 3-Ag phase and noblemetal induced ͱ 21ϫ ͱ 21 phases by four-point probe method. 16, 36, 49 They have found that the surface conductivity has increased by 2 ϫ 10 −4 ⍀ −1 / ᮀ through this structural transformation. With proper calculations on conductivities of space charge layers based on their x-ray photoemission spectroscopy ͑XPS͒ results, the experimental surface state conductivity has become 4-6 times larger through the transition. 1, 16, 36 For an example, 36 conductivities through the ͱ 3 ϫ ͱ 3 and ͱ 21ϫ ͱ 21 surface superstructures was estimated about 0.75 and 3.2ϫ 10 −4 ⍀ −1 / ᮀ, respectively. The rate of conductivity increase is nearly the same as one obtained from the metallic bands ͑Fermi surfaces͒, described above. Therefore, we can naturally explain that conductivity of the ͱ 21ϫ ͱ 21 superstructure is larger than that of the ͱ 3 ϫ ͱ 3 one because of the higher Fermi velocity and the larger number of Fermi electrons. Inserting the experimental conductivity values in Eq. ͑2͒, carrier relaxation time and mean free path of the phases are estimated and listed in Table II . The relaxation time is similar to that reported for the Si͑111͒4 ϫ 1-In surface 19 and one order of magnitude smaller than that in bulk Ag metal at room temperature. 33 As a consequence, the Boltzmann picture reasonably describes the surface state transport of the ͱ 3 ϫ ͱ 3-Ag and ͱ 21ϫ ͱ 21 phases.
IV. CONCLUSIONS
We have found a ͱ 21ϫ ͱ 21 surface superstructure by Na deposition of ϳ0.15 ML coverage at 65-130 K on the Si͑111͒-ͱ 3 ϫ ͱ 3-Ag surface. We have extensively studied the evolution of electronic structure during the transformation from the ͱ 3 ϫ ͱ 3-Ag to the ͱ 21ϫ ͱ 21 phases during adsorption of monovalent adsorbates ͑Ag and Na͒. Despite the sharp difference of chemical properties between noble and alkali metal adsorbates, the surface electronic structures, Fermi rings, valence bands, and Ag 4d levels, show close similarities between the two ͱ 21ϫ ͱ 21 phases. Through the Fermi surface mapping by ARPES, the ͱ 21ϫ ͱ 21 phases were found to have the Fermi rings of a hole pocket at the ⌫ point and an electron pocket at the K point in each reduced surface Brillouin zone. The conductivity of the ͱ 21ϫ ͱ 21 superstructure is estimated from the measured Fermi surface using the Boltzmann equation and it successfully reproduces the previous transport results. 1, 16, 36 The adatoms likely sit on Ag trimers of the Si͑111͒ ͱ 3 ϫ ͱ 3-Ag surface and the adsorption is seemingly governed by atomic or ionic radius rather than chemical properties ͑ionic energy or electronegativity͒. 
APPENDIX
The relation between the 2D conductivity and Fermi surface is given as follows, based on the Boltzmann equation and assuming a constant relaxation time = ͑k͒ irrespective of electron wave-vector k 33 
It is an important consequence of the Boltzmann equation that is proportional to relaxation time ͑͒, Fermi velocity ͑v F ͒, density of states at Fermi level ͑D 2D ͒, and mean free path l͑= · v F ͒. In the Boltzmann regime, surface electron transport is governed by the number and velocity of 2D Fermi electrons.
If we adopt ͑nearly͒ free-electron approximation, the integral in Eq. ͑A3͒ and electron density in the surface-state band n 2D are given as In the Drude regime, surface electron transport is expressed by ͑total͒ electron density in the surface-state band n 2D and mobility ͑=e / m * ͒. 33, 50, 51 Despite the simplicity of the Drude formula compared to the Boltzmann equation, the latter formula has much generality to describe electron transport and we adopt the formula ͑A6͒ for the discussion. *Electronic address: matsuda@surface.phys.s.u-tokyo.ac.jp
